The excessive prescription of antimicrobial agents and their use as animal growth promoters lead to the spread of resistance among pathogenic bacteria. Consequently, unnecessary use should be minimized, and new chemicals with novel mechanisms of action are needed. The authors have developed a fast method to measure the activity of antibiotics by means of a genetically engineered strain of Escherichia coli K-12. The system is based on the full-length bacterial luciferase operon coupled to the tetracycline-inducible tetA promoter in the reporter plasmid pTetLux1. Sublethal doses of tetracycline are used to start the luciferase synthesis in cultures that were previously incubated with the antibiotic under investigation. After a variable time frame-from 1 to 4 h, depending on the antimicrobial mode of action-the level of light emission from treated cultures is compared to the level obtained in control cultures. The gap in bioluminescence outlines the antibiotic interference in bacterial metabolism. Throughout this study, freeze-dried sensor cells were used to avoid repeated cultures from day to day. The authors show the results of 10 model antibiotics, representing different molecular structures and mechanisms of action. The results show that no actively dividing cells are needed for sensitive responses, especially when transcriptional and translational inhibitors, directly interfering with the luciferase production, are tested. The assay can be easily automated for high-throughput screening purposes of pharmaceutical industry. (Journal of Biomolecular Screening 2003:340-346) 
INTRODUCTION
T ETRACYCLINES ARE AMONG THE MOST INTENSIVELY used antibiotics for the therapy and prophylactic control of bacterial infections in both human and veterinary medicine, and they are employed as well as food additives for growth promotion in the farming industry. Due to their extensive and longstanding use, resistances against different compounds of the family have evolved. The responsible genes are often inducible and are encoded either in plasmids or in transposons (reviewed in Chopra and Roberts 1 ). Fluoroquinolones and β-lactams represent other common groups of antimicrobials against which resistances are quickly spreading among bacterial populations. 2 To minimize this phenomenon, a more rational use of antibiotics is essential.
The traditional approaches for the detection of antimicrobial agents and their residues in different samples include microbial inhibition tests, immunoassays, and chromatographic methods. Widely used microbial inhibition methods are relatively slow, insensitive, and unspecific with regard to certain families of antimicrobials. Immunoassays, on the other hand, provide high specificity and sensitivity, but many steps and incubations are required for the accomplishment of the whole procedure. Chromatographic methods, such as high-performance liquid chromatography (HPLC), give very high-quality determinations, but their suitability for the analysis of large amounts of samples is limited. The main drawbacks are the high price, the requirement for special equipment, and the need for expert personnel.
High-throughput screening (HTS) technologies applied to high-diversity combinatorial chemistry molecular libraries make it possible to find lead molecules with novel modes of action as antimicrobial agents. The resulting large number of candidate molecules puts increasing pressure on screening efficiency and certainly eliminates most of the prevailing methods because of their low performance.
A modern approach for the detection of drugs and other compounds entails the use of specific bacterial cells constructed with recombinant DNA techniques. These cells carry a unit that con-tains a specific promoter/operator region coupled to a reporter gene of choice. In this kind of system, the compound to be monitored is able to turn on the reporter gene expression. Luciferase genes are commonly used as reporters. They yield light emission-namely, bioluminescence-as the reporter signal, 3, 4 which can be easily and sensitively quantified by means of a luminometer. Both eukaryotic and bacterial luciferase systems have been used for this purpose.
The bacterial luciferase reaction involves the oxidation of riboflavin 5′-phosphate (FMNH 2 ) and of a long-chain aliphatic aldehyde by molecular oxygen. 5 The most commonly used bacterial luciferase genes are lux genes from the marine bacteria Vibrio fischeri and Vibrio harveyi and from the terrestrial bacterium Photorhabdus luminescens. The luc gene of the North American firefly (Photinus pyralis) codes for the most widely used and intensively characterized eukaryotic luciferase. The main disadvantage of the eukaryotic system is that the enzyme necessitates the addition of an external substrate, D-luciferin, for the light production. [4] [5] [6] [7] We have recently constructed a novel expression system for the specific detection of tetracyclines. In that approach, the bacterial luciferase operon (luxCDABE) of P. luminescens was placed under the control of the tetA promoter from transposon Tn10. 8 The system has been used to detect 7 different tetracyclines in spiked pork serum 9 and raw bovine milk. 10 The sensor strain E. coli K-12 (pTetLux1) was freeze-dried to take advantage of reagent-like usage and to avoid tedious cultures.
Because the machinery is rapidly started by the addition of sublethal concentrations of tetracyclines, the action of other antibiotics will have an effect on light production. This effect can be either direct, when transcriptional and translational inhibitors are monitored, or indirect. In both cases, the reduction of light emission is the result of interference with macromolecular synthesis from the lux operon. We have previously used this kind of approach in Gram-positive Staphylococcus aureus containing a metal-inducible expression of eukaryotic luciferase for the sensitive and rapid monitoring of different, well-known antimicrobial agents. 11 Bioluminescence measurements can be performed from the beginning to the end of the assay in microtitration plates, and hence the strain is suitable for the screening of large chemical libraries. The system described in this communication is shown schematically in Figure 1 .
MATERIALS AND METHODS

Materials
All the antibiotics were from Sigma-Aldrich Chemie Gmbh (Steinheim, Germany), except for the following: chloramphenicol and erythromycin (Serva Feinchemie GmbH & Co., Heidelberg, Germany), ciprofloxacin-HCl (Bayer, Leverkusen, Germany), and imipenem (Merck, Sharp & Dome, Division of Merck & Co., West Point, PA). The antibiotic stock solutions were stored in absolute ethanol (ETAX Aa 99.5% from Primalco, Rajamäki, Finland) at -20°C with a concentration of 1 mg/mL. Ciprofloxacin-HCl was stored in water at +4°C with the same concentration. The culture media were from Difco. MES, 2-[N-morpholino]ethanesulfonic acid and CDTA, trans-1,2-diaminocyclohexane-N,N,N',N'tetraacetic acid were from Sigma. All stocks and dilutions of chemicals, unless otherwise specified, were made into ultra-pure commercial infusion-grade water (Pharmacia, Uppsala, Sweden).
Bacterial strains
The tetracycline sensor strain E. coli K-12 (pTetLux1) used in this study has been previously characterized. [8] [9] [10] The strain synthesizes bacterial luciferase only in response to tetracycline addition. The optimal concentration of tetracycline-HCl for the purpose of this communication was determined to be 100 ng/mL.
The sensor bacteria
Sensor bacteria were lyophilized according to previous experience. 6, [9] [10] [11] [12] For each assay, 1 ampoule was rehydrated with 2 mL of pure commercial infusion-grade water. After 30 min of rehydration time, 50 µL of the cell solution was added to a white multi-96 microtitration plate (Labsystems, Helsinki, Finland).
FIG. 1.
A schematic representation of the assay setup. Different steps are numbered from 1 to 5. In step 1, the tested antibiotic is incubated with the sensor cells for 60 min at 30°C to ensure its transport through the cell membrane. After the first incubation time, the inducer tetracycline-HCl (100 ng/mL) is added (step 2) at pH 6.0 (the solution is buffered with MES 100 mM) and in the presence of the Mg 2+ ion-chelating agent CDTA (10 mM). This setup allows efficient access of the inducer to the cytoplasm to ensure binding (step 3) to the dimeric tetracycline repressor/transactivator. The binding causes a 5-Angstrom change in the repressor conformation, and the consequent liberation from the operator site (step 4) allows the transcription and translation to start (step 5). The scheme of the runtime for the whole assay is depicted.
IC 50 measurements in traditional overnight cultures
The rehydrated bacteria (50 µL) were transferred into the wells of a white 96-well microtitration plate containing LB broth and the antibiotic dilutions. The cells were grown at 30°C with vigorous shaking (300 rpm) for 16 h, after which they were moved to a transparent 96-well microtitration plate for the optical density (OD) measurement. The reading step was accomplished by measuring the absorbance of each well at the wavelength of 600 nm by means of a Wallac Victor 1420-microtitration plate multilabel counter (PerkinElmer, Turku, Finland). Each OD value was the average among the results of triplicate experiments.
Antibiotic treatments and measurement of light emission
A schematic presentation of the pipetting order is shown in Figure 1 to visualize the approach. A suitable dilution of the freezedried, reconstituted cells (50 µL) was dispensed into white 96-well microtitration plate wells and preincubated with different antibiotics (20 µL of antibiotic dilution into LB broth) at +30°C for 60 min. Thereafter, the luciferase reporter synthesis was turned on by the addition of the inducer tetracycline-HCl at a concentration of 100 ng/mL, and the incubation was continued. Light emission was obtained without the addition of any exogenous substrates because the reporter system also contains the genes for the synthesis of substrates needed for bioluminescence. Light emission was measured with a Wallac Victor 1420-microtitration plate multilabel counter (PerkinElmer, Turku, Finland) in the integral type of measurement for 1 sec. The readings were performed every 30 min for 3 h. Each value represents the average among triplicate experiments.
RESULTS
The experimental setup
The inducible reporter system for the detection of tetracyclines has been described earlier. 8 In this study, the same system was employed for a different purpose, and emphasis was put on optimizing the sensor for the indirect measurement of the effects of various other antimicrobial agents. The synthesis of the reporter enzyme, bacterial luciferase, was turned on by using tetracycline-HCl as the inducing molecule.
A first incubation time of 60 min at 30°C with different concentrations of the antibiotic was chosen to ensure their full penetration through the outer and inner membranes of E. coli sensor bacteria ( Fig. 1, step 1) . Thereafter, the inducer was added with a sublethal concentration of 100 ng/mL (step 2) to start the transcription/ translation of the modified luciferase operon (steps 3-5). Figure 2 shows a kinetic response for 3 model molecules: rifampicin, ciprofloxacin, and chloramphenicol at their IC 90 , IC 70 , and IC 20 , respectively. As a control, the same drugs were tested without tetracycline induction. This demonstrated that there is neither unspecific induction from the chemicals under investigation nor amplification effects.
The same kind of kinetic experiment was performed by reversing the order of drug additions. In that assay, the same antibiotics were added at their IC 50 (determined by means of the first kinetic approach) after the tetracycline induction so that the constitutive expression of the reporter genes was mimicked (Fig. 3) . The recorded inhibition in light emission was lower in the latter case for all 3 model molecules. The amplification of the antimicrobial effects is, in fact, enhanced when the induction is given after a suitable preincubation time. This clearly outlines the higher sensitivity of the first kinetic experimental setup, which was consequently chosen as the default procedure for all subsequent assays.
The bioluminescence response of E. coli toward different model antibiotics
The bioluminescence response as a function of drug concentration (dose-response curve) is shown in Figure 4 for the metabolic inhibitors, trimethoprim and sulfadiazine; for the inhibitor of cell wall synthesis, imipenem; and for the DNA-replication inhibitor, ciprofloxacin. Although these molecules do not interfere directly with the transcriptional/translational activity of the cell, their indirect effects are undoubtedly detected by the system. Furthermore, the well-known synergistic effect of the treatment involving the association between trimethoprim and sulfadiazine is evident (Fig.  4a) . The dose-response curve of imipenem shows a biphasic trend (Fig. 4b) , probably due to the binding of the drug to different penicillin-binding proteins showing different affinities.
Correlation between the rapid bioluminescence approach and the conventional growth inhibition method
Selected model antibiotics belonging to different molecular families and owning different mechanisms of action were tested for their effects against E. coli K-12 (pTetLux1). The freeze-dried, reconstituted cells were incubated with different dilutions of antibiotics at 30°C for 60 min and subsequently induced. The light emission was then measured after an additional period of 90 min. The assays were repeated 3 times, and the coefficients of variation (CVs) of the system ranged from 2% to 6%, as measured from the original relative light units (RLUs). The results of these experiments are summarized in Table 1 as a comparison to the results obtained with the conventional overnight growth inhibition method (detailed in Materials and Methods). The tetracycline-inducible system is especially effective in detecting minute amounts of rifampicin and chloramphenicol. This is obvious because these agents are transcriptional and translational inhibitors, respectively.
The correlation between the 2 methods, the conventional one and the new approach, is seemingly poor. However, it is understandable that transcriptional and translational inhibitors show very high sensitivity in a rapid assay in which these intracellular phenomena are specifically measured. The high difference, especially in the case of rifampicin, might be due to the generation of inducible multidrug exporter proteins during the longstanding overnight culture and hence lowered susceptibility. The situation is reversed with the drugs needing multiple generations to exert their inhibitory action, such as DNA-replication inhibitors (fluoroquinolones) and cell wall synthesis inhibitors with a βlactam structure. Our assay spans a time lapse of only 150 min, which does not allow E. coli sensor bacteria to replicate too many times (4 to 5 in the given assay conditions, according to OD measurements). Metabolic inhibitors and bulky macrolides showed similar IC 50 values according to both methodologies.
DISCUSSION
Antibiotic resistance is presently one of the biggest problems in chemotherapy. Many bacterial species and strains are resistant to one or more antimicrobial agents, thus rendering the treatment of infectious diseases much more difficult. Frequently, the genes responsible for the resistance are found in mobile elements, such as plasmids and transposons, and they can be easily transferred. This can lead, with time, to widespread resistance, which in turn will make the considered antibiotic completely useless. The search for new antimicrobial drugs is nowadays very intensive, and it can take advantage of combinatorial chemistry approaches (reviewed in Birnbaum and Mosbach 13 ). The generation of tens of thousands of lead compounds calls for very efficient screening technologies. Traditional methods are not suited for such a big task: they can only predict whether bacteria are living, but actually they do not provide any information about the antibiotic mode of action. Furthermore, if a library is screened by pooling the compounds to decrease the number of measurements, gold nuggets can be lost along the panning process. New tools are to be generated, allowing a more precise and targeted search toward compounds with predetermined characteristics.
We have developed a very sensitive system to approach this issue. This system brings several improvements to existing functional microbial methods by acting as a true microbial biosensor. 14 First, we use as a reporter luciferase genes, the action of which can be monitored in real time directly from intact living cells. This provides considerable savings in terms of assay times: results can be obtained in tens of minutes rather than in several hours (it should be remembered that traditional methods entail overnight cultures, lasting from 12-16 h). This also leads to the actual possibility of screening a huge amount of compounds during a working day because 96-and 384-wells plates can be used. Second, our reporter genes have been inserted under the control of an inducible promoter, which results in the specific amplification of the effects of those agents directly affecting the transcriptional/translational machinery. Furthermore, this shortens the assay runtime because the induction can be easily primed at a predetermined time point. Third, our system has been developed using a nonpathogenic wildtype strain of E. coli K-12, which acts as a universal model for Gram-negative bacteria. Finally, our reporter system is completely independent from external additions because we have used the full-length luciferase operon. This derives from the action of lux CDE genes, which are involved in the generation of the aldehyde substrate for the luciferase coded by lux AB genes. It should be mentioned that the tetracycline-inducible system has been used in several organisms, including Gram-positive bacteria, yeast, and fungi. [15] [16] [17] [18] All these works focused their attention on pathogenic strains against which new antimicrobial agents should be developed.
In a previous work, we showed a similar amplification approach to be valid for E. coli, in which certain model molecules were tested. The system was based on a strong and heat-inducible λp L promoter controlling the expression of various luciferase genes. 19 In that study, the effects of translational inhibitors, for instance, were greatly amplified, and concentrations 10,000 lower than by means of the constitutive approach could be detected. Metabolic inhibitors at high concentration were shown to affect both systems rather similarly during the short incubation period used. The effects of certain antibiotics were higher (i.e., they appeared at a lower concentration) than in the present work: this is due to the strength of the phage λp L promoter, which is one of the strongest ones ever reported. This results in extremely high amplification of the effects of antimicrobial agents.
In another recently described approach, we showed that a reporter plasmid whose copy number can be induced to increase from few to thousand copies per cell by heat induction could be used for specific and amplified detection of DNA-replication inhibitors. 20 Such a heat treatment should be carefully controlled if microtitration plates are used because of the uneven evaporation from the wells (edge effects). These effects were resolved by performing the heat induction through a PCR machine, which is characterized by the even distribution of heat around the plate.
Here we demonstrate that the chemical induction approach results in high-quality repeatable data with very low variation between parallel assays (CVs range from 2%-6%). These data are reasonably fine in terms of a possible automation for the whole procedure. We have also previously freeze-dried several strains of light-emitting bacteria (with either a constitutive or inducible system) and shown that, once reconstituted, such cells are fully functional and behave as freshly cultured. 6, 9, 10, 12 This behavior provides the possibility of using sensor cells as ordinary reagents that can be taken off the shelf for direct use with no need for cultures or complicated incubations. Freeze-dried cells provide a straightforward way to make this kind of assay suitable to the tight time schedules of HTS.
Recently, firefly luciferase was employed in a miniaturized HTS study by using in vitro coupled transcription/translation to identify inhibitors that specifically affect these processes. 21 This elegant work demonstrates that the use of the luciferase as a reporter gene is a valuable tool, leading to relevant savings in terms of time and costs. Our approach is nearly as fast as that of Kariv et al. 21 but is based on whole living cells. This can provide further information about the sometimes rate-limiting step of antibiotic penetration through microbial membranes. By adjusting the study settings, it may be possible to fish out easily penetrating lead candidates from wide chemical libraries. In another study, the transcriptional/ translational machinery from S. aureus was used to characterize the activity of transcriptional and translational inhibitors in a cellfree assay setup. 22 The authors demonstrated that the use of luciferase genes results in lower background than the employment of radioactively labeled amino acids and hence in improved sensitivity.
Recently, an engineered bacterial luciferase operon, optimized to work in Gram-positive organisms, was characterized. 23 S. aureus had been used to express the construct, and the infectious process was monitored in living mice by means of a sensitive CCD-camera and digital image processing. The bacterial infection was experimentally shown to be cured by amoxicillin, as judged by the disappearance of in vivo light emission, as well as by the correlation with colony-forming unit counting. With this work, the full power of bioluminescent technologies, combined with wholebody imaging in a living animal, has been underlined, especially in analyses concerning the antibiotic action against microbes.
With the present study, we created a system that amplifies the effects of antibiotics, especially transcriptional/translational inhibitors, and we characterized it with model compounds for different modes of action. This approach shows a good correlation with traditional methods. Furthermore, the reported amplification results in a clear improvement in sensitivity when our system is compared with one based on constitutive expression. This system should be readily scaled up for HTS purposes.
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